Objectives-The purpose of this study was to determine intraobserver, interobserver, and inter-day reliability levels for stiffness measurements of the patellar tendon and rectus femoris muscle using shear wave elastography (SWE).
S
onography is an important technique that has been used for a long time in the diagnosis of musculoskeletal disorders. Apart from imaging methods such as computed tomography and magnetic resonance imaging, sonography has importance in the diagnosis and follow-up of muscle and tendon injuries, since it allows static and dynamic assessments. Sonography has a number of limitations in addition to its important advantages. Recent hemorrhagic infiltration and edema and residual long-standing lesions in muscle and tendon injuries may result in subtle abnormalities that may be hardly visible on grayscale sonography. Similarly, degenerative and morphologic changes in muscles and tendons can be visualized on sonography mostly in later periods of disease but not in early periods. Additionally, biomechanical tissue properties of muscles and tendons cannot be assessed by grayscale sonography. Shear wave elastography (SWE), which is an ultrasound-based imaging method, is an emerging method that reveals information about the stiffness of healthy and abnormal tissues. With SWE, mechanical properties of tissues such as stiffness can be assessed by measuring the velocity of shear waves in tissues. 1, 2 Unlike grayscale sonography, the changes within tissue can be realized in early periods of disease on SWE, since this technique enables physicians to detect abnormalities in terms of alterations in shear wave velocity values, and healthy tissues can be distinguished from pathologic tissues by using SWE. 3 The mechanical properties of muscles and tendons are affected by many neuromuscular (eg, multiple sclerosis, hyperthyroidism, and Duchenne muscular dystrophy) [4] [5] [6] and orthopedic (eg, tendinitis, muscle strains and sprains, and tendon and muscle ruptures) 7-9 disorders. In pathologic conditions, the changes in the mechanical properties of muscles and tendons can provide information about inflammation and degenerative conditions. Furthermore, the changes in the mechanical properties of muscles and tendons can give direct information about the amount of activity within muscles and tension of muscles and tendons and indirect information about the balance/stability of a relative segment. [10] [11] [12] Although SWE has been used in studies conducted on individuals with muscle and tendon injuries and healthy individuals, contradicting results have been reported about the reliability of SWE. [13] [14] [15] [16] [17] The aim of this study was to determine intraobserver, interobserver, and interday reliability levels for measurements by SWE in the patellar tendon and rectus femoris muscle in healthy sedentary male individuals.
Materials and Methods

Participants
This study was conducted on 12 healthy male individuals. A total of 24 extremities (ie, left and right extremities of the 12 individuals who participated in the study) were assessed. Exclusion criteria for this study included intense physical activity or alcohol consumption in the previous 48 hours and histories of lower extremity surgery, major trauma, tendinopathy, bursitis, ligamentous and meniscal injuries, and neurologic, cardiopulmonary, and rheumatic diseases such as osteoarthritis, gout, and rheumatoid arthritis. Approval for the study was granted by the Noninterventional Clinical Research Ethics Board of our institute (GO15/461-4), and the participants provided written informed consent on admission.
Procedure
Grayscale sonography and elastography of the patellar tendon and rectus femoris muscle were performed with an Acuson S3000 ultrasound system (Siemens Medical Solutions, Mountain View, CA) equipped with 9L4 (4-9-MHz) linear array ultrasound transducer. Before testing, the participants were allowed to have 5 minutes of rest to ensure the elastic modulus of the rectus femoris muscle and patellar tendon, which were evaluated at their resting status. The room temperature was controlled at 258C.
Patellar tendon and rectus femoris muscle stiffness was measured by the Virtual Touch tissue imaging quantification method (Siemens Medical Solutions). The measurement was performed by positioning the ultrasound transducer longitudinally on the patellar tendon with the knee flexed at 308. The patellar tendon stiffness measurement was conducted on the area about 3 cm between the proximal end of the tendon and 1 cm proximal to the distal tendon-muscle junction ( Figure 1 ). Figure 1 . The patellar tendon stiffness measurement was conducted in the area about 3 cm between the proximal end of the tendon and 1 cm proximal to the distal tendon-muscle junction. A, Twodimensional sonogram of the assessed area. B, The shear elastic modulus of the tendon was quantified by elastography. The measurement was performed in the area between the black regions.
The rectus femoris muscle was assessed by placing the ultrasound transducer longitudinally in relation to the muscle fibers, with the individuals seated, hips flexed (908), and knee fully extended. The measurement was conducted on the area about 3 cm along the longitudinal axis of the muscle and along the anterosuperior iliac spine line with the patella proximal to the plumpest section of the muscle (Figure 2 ). To avoid muscle deformation, which could artificially increase the SWE measurements, minimum pressure was applied on the transducer to obtain sufficient image quality and shear wave signals. A large amount of gel was used to ensure the best possible transducer contact with the skin. The measurements were performed by 2 observers: a radiologist with 5 years of experience in the field of muscle and tendon sonography and a physiotherapist with 1 year of experience. Both were trained on at least 5 healthy individuals before enrolling the first participant.
To determine the reliability of the technique, 3 measurements were taken successively before contact of the ultrasound transducer with the tissue ceased. Then the transducer was removed and was again put on the target tissue, and 3 additional measurements were taken before transducer contact ceased. The mean of 6 measurements was recorded in meters per second. The same measurements were repeated 3 times at 20 minutes and 1 week after the first measurements. Thus, each observer performed 72 measurements on each participant (18 values for each of the 2 sites for both the patellar tendon and rectus femoris muscle) in a total acquisition time of 25 minutes. A total of 1728 measurements were performed on the 24 extremities of the 12 participants. The measurements were performed on 2 different days at the same hour of the day, and the measurement order was randomized. Patellar tendon and rectus femoris stiffness was evaluated with MATLAB version 2015 software (The MathWorks, Natick, MA). A specific MATLAB function was written such that it turned color-coded elastograms to numeric elasticity values. The function could calculate mean elasticity values of user-selected regions on elastograms.
Statistical Analyses
Statistical analyses were performed with SPSS version 15 software for Windows (IBM Corporation, Armonk, NY). Mean, minimum, and maximum shear wave velocity and standard deviations for the patellar tendons and rectus femoris muscles of both extremities of the 12 participants were calculated for the 2 observers at the 3 different periods. Interobserver, intraobserver, and interday reliability were calculated by a 2-way random model based on absolute agreement with an intraclass correlation coefficient (ICC) test. The standard error of measurement [according to the formula standard error of measurement 5 standard deviation 3 ͱ12ICC] and coefficient of variation [CV; according to the formula Figure 2 . The rectus femoris muscle stiffness measurement was conducted in the area about 3 cm along the longitudinal axis of the muscle and along the spina iliaca anterosuperior line with the patella proximal to the plumpest section of the muscle. A, Two-dimensional sonogram of the assessed area. B, The shear elastic modulus of the muscle was quantified by elastography.The measurement was performed in the area between the black regions.
CV 5 (standard error of measurement/mean) 3 100%] for every comparison was also determined. 18, 19 The ICCs were interpreted according to the following published guidelines: less than 0.40, poor reliability; 0.40 to 0.75, fair-to-good reliability; and greater than 0.75, excellent reliability. 20 
Results
The 12 participants ranged in age from 19 to 33 years (mean age 6 SD, 25.33 6 4.56 years). The mean body mass index, weight, and height of the participants were 25. 57 The measurements revealed that the shear wave velocity values for the patellar tendon were higher than the values for the rectus femoris. The means, standard deviations, and ranges of the patellar tendon and rectus femoris muscle measurements performed by the 2 observers and at 3 different periods are given in Table 1 .
The assessment of patellar tendon stiffness with SWE yielded excellent intraobserver and interday reliability and good interobserver reliability ICCs. It was found that the intraobserver, interday, and interobserver reliability for the rectus femoris muscle were excellent ( Table 2 ).
Discussion
The object of this study was to determine the reliability of tendon and muscle stiffness/elasticity measurements by SWE by using the Virtual Touch tissue imaging quantification method. The measurements in this study were performed by the same observers at the same hour of the day using the same positions and on the same sedentary male individuals. With this study schedule, ideal conditions were provided to determine reliability values for SWE. The results showed that SWE had excellent Data are presented as mean 6 SD (range). 
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intraobserver, interobserver, and interday reliability for measuring rectus femoris muscle stiffness. Lacourpaille et al 13 have that reliability levels for SWE ranged from fair to excellent (ICC, 0.421-0.950) in a study including 9 different muscles (gastrocnemius medialis, tibialis anterior, vastus lateralis, rectus femoris, triceps brachii, biceps brachii, brachioradialis, adductor pollicis obliquus and abductor digiti minimi). Hirayama et al 14 reported that the intraobserver reliability of SWE in the transversus abdominis muscle ranged from fair to excellent (ICC, 0.59-0.86); however, the interobserver reliability ranged from fair to good (ICC, 0.56-0.57). Cortez et al 15 reported that the medial gastrosoleus and tibialis muscles had fair to good levels of intraobserver (ICC, 0.42-0.70) and interobserver (ICC, 0.69-0.73) reliability.
The other result of this study revealed that patellar tendon stiffness measurements by SWE had excellent intraobserver and interday reliability but good interobserver reliability. Unlike these results, Peltz et al 16 found that measurements of the patellar tendon (ICC, 0.57), Achilles tendon (ICC, 0.42), quadriceps tendon (ICC, 0.75), and musculus flexor pollicis tendon (ICC, 0.73) ranged from fair to good reliability levels. Zhang and Fu 17 reported that patellar tendon measurements had excellent of intraobserver (ICC, 0.98) and interobserver (ICC, 0.97) reliability.
It was found out that reliability values for patellar tendon and rectus femoris measurements were higher than many reliability values reported in literature. This finding could have resulted from several conditions. First, this study was performed on only healthy sedentary male individuals. All of the other studies were performed on female and male individuals, and there were 1 to 4 weeks between the measurements performed at 2 different periods. It is known that changes in estrogen levels in women depending on the menstrual cycle have an influence on soft tissue stiffness, [21] [22] [23] which can be an important cause of reduced reliability. Another cause of the different results in literature might have been differences in study schedules. Studies in the literature used the mean of 3 or 4 successive measurements. 13, 17 In this study, the mean of 6 successive measurements was used in the comparisons. This approached could have enabled us to obtain higher values than those in the literature by increasing the possibility of common decisions. Another cause of the different values could also have been measurement area differences. In this study, the data analysis was performed in MATLAB. The use of that software gives the possibility of determining the measurement area by selecting possible wide imaging areas independent of the limited region of interest of the device in shear wave speed measurements. In this study, patellar tendon and rectus femoris muscle stiffness measurements were calculated on the largest area measureable by using this feature. In all other studies in the literature, the measurements were performed by using small areas as permissible by the device or by using limited areas of the proximal patellar tendon. In heterogeneous structures such as muscles and tendons, wider areas can be measured, whereby the possibility of common decisions is increased, and the margin of observer error is decreased, allowing obtaining higher reliability values. An cause of different results could also have been device differences. All of the studies in the literature used Aixplorer ultrasound equipment (Supersonic Image, Aix-en-Provence, France), and tissue stiffness was calculated in kilopascals. In this study, tissue stiffness was calculated in meters per second on an Acuson S3000 system.
In the patellar tendon and rectus femoris measurements in this study, it was seen that CV values were slightly high. However, the values were substantially lower than the CV value of less than 15% that is accepted for biological material measurement. 24 It was seen that the CV ratio was higher in rectus femoris measurements. This situation can result from the fact that rectus femoris muscle stiffness is lower than patellar tendon stiffness (7.13-7.50 m/sec on average for the patellar tendon versus 2.03-2.09 m/sec for the rectus femoris). There can be a number of causes of differences between measurements performed at different periods and by different observers. This situation can result from observerbased changes in transducer positions and transducer pressure. Another cause is that the individuals might not be relaxed completely during some measurements.
There were some limitations in this study. The shear wave velocity values determined in our study may be considered normal for the rectus femoris muscle and patellar tendon according to the high intraobserver, interobserver, and interday reliability. However, this study was performed on 12 healthy individuals (ie, a small population), which limits the validity of accepting the shear wave velocity values in this study as normal values. Another limitation was that it was performed on only young men. Measurements in women at different periods could have an influence on reliability results by being affected by the menstrual cycle. In this study, the reliability of SWE was tested by using large superficial structures, such as the rectus femoris muscle and patellar tendon. In smaller and deeper tissues, the reliability of SWE could be different.
In conclusion, SWE using the Virtual Touch tissue imaging quantification technique is a reliable and repeatable technique for measuring patellar tendon and rectus femoris muscle stiffness according to high intraobserver, interday, and interobserver ICCs. Using the mean of a multitude of repetitive measurements performed on a wide area is thought to increase the reliability of the measurements.
